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HIGHLIGHTS

e Chemical features in products deter-
mined by GC-MS ranged from 39 to
2456.

e Only 26 % of chemical features across
all products could be tentatively
identified.

e Chemical complexity and abundance
correlated with toxicity to marine
species.

e Elastomer product chemicals were
generally more toxic than thermoplastic
products.

e Elastomer products should be targeted
to reduce environmental chemical
impacts.
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ABSTRACT

The current study investigated the chemical complexity of fifty plastic (36) and elastomer/rubber (14) methanol
extracts from consumer products, focusing on the association with toxicity in two screening assays (bacteria
luminescence and marine microalgae). The chemical composition varied considerably between the products and
polymers. The most complex sample (car tire rubber) contained 2456 chemical features and the least complex
(disposable water bottle) only 39 features, with a median of 386 features across all products. Individual extract
toxicity also varied significantly across the products and polymers, with the two toxicity assays showing com-
parable results in terms of defining low and high toxicity extracts, and correlation between medium toxicity
extracts. Chemical complexity and abundance both correlated with toxicity in both assays. However, there were
strong differences in toxicity between plastic and elastomer extracts. Overall, 86-93 % of the 14 elastomer ex-
tracts and only 33-36 % of other polymer extracts (n = 36) were more toxic than the median. A range of
compounds were tentatively identified across the sample set, with several concerning compounds being iden-
tified, mostly in the elastomers. While the current focus on plastic chemicals is towards thermoplastics, we show
that elastomers may be of more concern from an environmental and human health perspective.
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L. Sprensen et al.

1. Introduction

While plastic materials are historically described as being inert due
to their stable polymeric composition, it is now known that relatively
high concentrations of non-covalently bonded chemicals can comprise
part of the polymer matrix, depending on the polymer type and con-
sumer product [39]. Additives are chemicals that are incorporated into
polymers to improve and/or impart desired material properties related
to the intended usage of the final consumer product. Plasticizers, flame
retardants, antioxidants, anti-aging chemicals, colorants, lubricants, and
thermal stabilizers are the most commonly used additives [15]. Other
additives such as slip agents, antistatics, antiblocking agents, lubricants
and processing aids are used to improve or alter polymeric substrates’
performance and properties [56]. The processing of polymers requires
different additives depending on their material properties [28]. For
example, PET can be processed without the use of additives [10], while
the production of flexible PVC requires high concentrations of plasti-
cizers [15]. Besides the intentional chemical additives, residual mono-
mers and oligomers, solvents and other polymerization and production
impurities are usually also present in plastic and rubber products [17].
None of these ’associated chemicals’ are chemically bound to the
polymer, typically being dispersed in the porous polymer structure. This
means they may leach to the surrounding environment depending on the
physicochemical properties of both the polymer and the compound
[17].

Elastomers, many of which are commonly known as rubbers, are a
particular class of polymers known for their high elasticity. They can
further be classified as (i) thermoplastic elastomers (e.g., styrene-
butadiene block copolymers, commonly used in rubber bands, toys
and shoe soles), (ii) diene elastomers (e.g., polyisoprene and poly-
butadiene, commonly used in tires and shoe soles, and nitrile-butadiene-
rubber, commonly used for chemical resistant gloves), and (iii) non-
diene elastomers (e.g., silicone rubber, polyurethane, and butyl rub-
ber) elastomers [34]. Natural rubber (polyisoprene) is obtained from
rubber-producing plants. Irrespective of the increasing production of
synthetic alternatives, natural rubber production continues to increase
steadily, with almost 13 million tons produced in 2020 [36]. Both nat-
ural and synthetic rubbers are subject to chemical modification through
vulcanization, where vulcanization agents and chemical stabilizers are
added to improve the resistance and elasticity of the final rubber
product. In addition to other chemical additives, elastomers also contain
chemicals deriving from the vulcanization process. Rubber products
may also contain components as fillers (carbon black, clay, silica, cal-
cium carbonate), stabilizers (antioxidants, antiozonants, waxes),
cross-linking agents (sulfur, accelerators, activators), and secondary
components such as pigments, oils, resins, and short fibers [40].

Plastic associated chemicals represent a hazard to aquatic organisms
through leaching, but potentially also to organisms that ingest or
otherwise come into direct contact with plastic [22]. Furthermore, they
represent a technological challenge to be overcome for plastic waste
handling and recycling [23], where methodological pipelines to accu-
rately address the presence of such chemicals in plastic waste streams
are needed. Toxicity assessment of most plastic materials and micro-
plastics (MP) is typically conducted using simple reference materials
that do not accurately reflect the complex plastic materials and particles
derived from plastic products that are normally found in the environ-
ment [57]. Importantly, a recent review highlights the alarmingly low
number of studies that factor in associated chemicals when addressing
plastic environmental hazards [9]. Furthermore, certain polymers
appear to be over-represented in associated chemical toxicity studies,
leaving crucial knowledge gaps regarding the chemical toxicity of less
common polymers, including rubbers and elastomers. Most studies of
associated chemical risks have (i) looked at one or very few polymer
types, (ii) identified and quantified only few, pre-selected, chemicals,
and/or (iii) not separated the leached chemicals from particles. Such
approaches have limitations when it comes to adequately assessing the
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contribution of the highly complex cocktail of plastic associated chem-
icals within plastic hazard and risk assessment.

To characterize the chemical content of plastics, chemical extraction
followed by GC-MS or LC-MS [2], or direct analysis by thermal
desorption pyrolysis-GC-MS [1] are the most frequently applied ap-
proaches. While it can be argued that complete dissolution of the plastics
is necessary to fully characterize the chemical content of the polymers,
there does not exist a single solvent or solvent mixture that can dissolve
all polymers and elastomers fully [2,42]. Furthermore, to mimic leach-
ing of chemicals to aquatic matrices, there is a point of using a solvent
that does not dissolve the polymers, and methanol has been proven a
good choice for this purpose [55].

In the current study, 50 plastic (polymer and elastomer) products
from both domestic and industrial applications, representing a range of
different polymer and elastomer types were selected. Their associated
organic chemicals were isolated by chemical leaching, and subject to
analytical chemical characterization, as well as non-target screening and
acute toxicity tests using marine luminescent bacteria and microalgae.

2. Materials and methods
2.1. Chemicals and materials

Analytical grade dichloromethane (DCM), methanol (MeOH), n-
hexane, dimethyl sulfoxide (DMSO), hydrochloric acid (HCl, 37 %),
sodium sulfate (NapSO4) and 3,5-dichlorophenol (3,5-DCP) were pur-
chased from Merck and Sigma-Aldrich. Reference chemicals and
deuterated standards were supplied by Chiron AS (Trondheim, Norway)
or Sigma-Aldrich.

2.2. Procurement and preparation of plastic materials

A total of 50 polymer consumer products were sourced from a range
of common commercial suppliers and shops. The products were selected
to ensure a broad range of thermoplastic and elastomers, as well as high
and low levels of plastic chemicals were represented in the study. It is
important to note that the polymer type could not be verified for all
materials at the time of purchased, nor could the level of associated
chemicals. Prior to use, the bulk test materials were cut into small pieces
(< 1 cm in all dimensions) that were then rinsed with ultrapure water
(MilliQ) and dried over night at 40 °C. For chemical extract preparation,
a protocol was adapted from [55]. Briefly, ~ 3 g of cut material were
extracted with 20-30 mL MeOH in an ultrasonication bath (Bandelin
Sonorex Super 109 RK 510H, 138 640 W, 35 kHz) for 60 min at room
temperature. The supernatant was then removed and filtered if particles
were observed in the resulting extract (Whatman GF/C filters, nominal
pore size 1.2 um) to remove small particles. Afterwards a sub-sample
(500 uL) was removed for chemical analysis, evaporated to 100 pL,
added 100 pL internal standard (100 ng fluorene-d10 and 100 ng ace-
naphthene-d10, in DCM) and diluted by DCM-n-hexane (1:1) to 500 pL.

To remove MeOH prior to exposure, DMSO (200 pL) was added to the
remaining extract and the MeOH fully removed by gentle solvent
evaporation (37 °C) under a flow of N5 until stable volume was achieved.
A complete overview of the sample masses extracted, the solvent vol-
umes, and which samples were filtered, is presented in SI, Table S1.
Several extraction blank samples (with and without filtration), as well as
DMSO blank samples were prepared.

2.3. Polymer identification by pyrolysis GC-MS

Approximately 0.25 mg of each test material was weighed in stain-
less steel pyrolysis crucibles and covered with a layer of glass wool to
prevent loss. Analysis was conducted using a Frontier Multi-Shot Pyro-
lyzer (PY-3030D) coupled to an Agilent 7890A gas chromatograph (GC)
with an Agilent 5975 C mass spectrometer (MS). The pyrolyzer was
operated in double-shot mode, with initial thermal desorption of the
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sample at 100-300 °C (initial time 0.10 min, 30 °C min’! rate, hold 3 min
at 300 °C), followed by pyrolysis at 600 °C (0.2 min). The interface and
inlet temperatures were 320 °C, and split ratio 100:1. The carrier gas
was helium at a constant flow of 1 mL min™. Separation was achieved
using a Frontier Ultra ALLOY -5 capillary column (30 m length, 0.25 um
film thickness and 0.25 mm internal diameter). The GC oven tempera-
ture was programmed at 40 °C (2 min) and then ramped by 20 °C min’!
until a maximum temperature of 320 °C (25 min hold). The transfer line
temperature was 320 °C, the ion source temperature 230 °C and the
quadrupole temperature 150 °C. The ion source was operated in full scan
mode (50-650 mz) at 70 eV. To further investigate the rubber samples to
distinguish between natural and synthetic rubber, an approximated
evolved gas analysis (EGA) was performed. Here, the GC was held
isothermally at 320 °C while the pyrolyzer chamber temperature was
increased from 40 °C (held for 2 min) to 650 °C at 20 °C min’! (total run
time 33 min).

2.4. Non-target screening for additives using low-resolution GC-MS

Non-target screening of the MeOH extracts was performed using an
Agilent 7890A GC coupled to an Agilent 5975 C MS. Samples (1 pL) were
introduced at 250 °C in pulsed splitless mode. Separation was achieved
using a Zebron ZB-1MS column (30 m length, 0.25 um film thickness and
0.25 mm internal diameter). The carrier gas was helium at a constant
flow of 1.1 mL min™l. The column oven temperature was programmed at
90 °C (1 min), ramped by 5 °C min! until 320 °C (10 min hold). The
transfer line temperature was 300 °C, the ion source temperature 230 °C
and the quadrupole temperature 150 °C. The ion source was operated in
full scan mode (50-500 mz) at 70 eV, with a solvent delay of 5 min. A
standard of n-alkanes and composite standards containing a range of
compounds with different physicochemical profiles were also run on the
same program for the purpose of calculating and estimating the reten-
tion indices (RI) of tentatively identified compounds in the polymer
extracts (Table S2 in SI).

Chromatograms and mass spectra were recorded in ChemStation
software and MassHunter Unknowns Analysis software was applied to
the raw data files for deconvolution and tentative identification of
analytes using a query towards the NIST17 mass spectral library,
returning the best matches with a similarity of > 75 %. Output files were
then exported to.csv format for further processing using R [58].
Post-processing was performed on the complete data set, with duplicate
matches binned within 0.2 min retention time intervals. RIs were
calculated for all tentatively identified compounds [47] and used to
exclude unlikely matches using RI prediction (described in SI), leaving
only tentative identified compounds with less than 25 % deviation from
predicted RIs and finally removing those with a < 85 % match to NIST.

2.5. Toxicity screening — marine Bacteria Luminescence Toxicity

As a baseline toxicity test, the Bacterial Luminescence Toxicity (BLT)
assay was performed on methanol extracts dissolved in DMSO from the
50 plastic products. The BLT protocol was based on van de Merwe and
Leusch [46] with minor adjustments. Samples were added in duplicates
to 100 pL experimental media (100 mM KH3PO, 450 mM NaCl, 50 mM
MgSO4, 10 mM KCI) in a 96-well plate (uncoated, white Greiner
Bio-One) starting with a 200-fold dilution of the extracts (0.5 % v/v
solvent concentration) followed by six serial dilutions (1:2 in experi-
mental media). The resulting sample concentrations corresponded to a
mass of 1.17-75 mg plastic mL™ in the BLT assay. A duplicate negative
control without sample or solvent and a positive control (either 54 or 69
mg/L 3,5-dichlorophenol as highest concentration, eight 1:2 dilutions)
were also included on each plate (Merwe and Leusch,2015). In addition,
solvent blanks (20 mL methanol used for the extraction evaporated to
200 puL. DMSO) and procedural blanks (vials without any sample that
were treated identically to the samples) were also analyzed.

Cryopreserved aliquots of Photobacterium leiognathi (ATCC 33469)
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were thawed on ice and diluted 1:30 in sterile growth media (5 g/L
bacto-peptone, 3 g/L yeast extract, 450 mM NaCl, 50 mM MgSO4, 30
mM MgCl,, 10 mM CaCly, 10 mM KCl). After allowing the solution to
approach room temperature for approximately 10 min, 50 uL of the
bacterial suspension was added to each well. The well plate was then
covered with aluminum foil and allowed to incubate at room tempera-
ture for 30 min. After incubation, the luminescence was recorded with a
BioTek CYTATION 5 Cell Imaging Multimode Reader (Agilent). The
luminescence of each well was normalized to 0 % luminescence inhi-
bition (mean of the negative controls on each plate) and 100 % lumi-
nescence inhibition (background luminescence in wells containing only
media). Dose-response relationships were generated using a four-
parameter logistic regression model in GraphPad Prism (version 8,
GraphPad), with the upper and lower plateau constrained to 0 % and
100 % inhibition, respectively. The mean luminescence inhibition value
of the two technical replicates was used to calculate the effective con-
centration causing 20% luminescence inhibition (ECyg). The ECyq values
are presented as mean and standard deviation from at least independent
experiments per sample. When an ECy could not be derived from the
tested concentrations, an ECyy of > 75 mg plastic mL™ was used to
visualize the data. In cases where the effects were too high at the sample
concentrations tested, we reported the ECyg as < 1.17 mg mL! (lowest
concentration analyzed).

2.6. Toxicity screening - marine microalgae growth inhibition
Skeletonema pseudocostatum

Experiments were performed using the unicellular marine micro-
algae Skeletonema pseudocostatum (NIVA-BAC 1, Norwegian Institute for
Water Research, Oslo, Norway), kept in 50 mL glass flasks with ISO
10253 medium [20]. Cultures in exponential growth phase, with an
initial number of 10 x 10° cells mL‘l, were incubated for 3-4 d in an
incubator (Innova 3, 44 R, incubator shaker series, New Brunswick
Scientific, Eppendorf AG, Germany) at 20 £ 2 °C, with orbital shaking at
90 rpm, under continuous light (day light-type fluorescence tubes,
61-62 pmol sTm?).

Growth inhibition tests were performed according to ISO 10253
[20], adapted to a 96-well format for fast screening. Negative, solvent
(DMSO) and blank controls were used in each assay. Samples, solvent
controls, and procedural blanks were diluted 100-fold to a maximum
final DMSO concentration of 1 %. The same concentration of DMSO (1 %
v/v) was added to the controls, as preliminary tests were performed
confirming no effect in algal growth (data not shown). Extracts were
analyzed in serial dilutions of 1:2, with the highest concentration tested
corresponding to the 100-fold dilution of the initial extract (7-153 mg
plastic mL™). In the cases where toxicity was below the initial concen-
tration range, extracts were further diluted (See Table S4, SI, for refer-
ence). A reference test using 3,5-dichlorophenol was performed in
parallel to ensure optimal algal growth in the 96-well plate format (data
not shown).

Exposures were made at similar conditions as those described for the
microalgal cultures, 20 + 2 °C, with orbital shaking at 90 rpm, under
continuous light in an incubator. Exponentially growing microalgae at
an initial number of 10 x 10° cells mL™, were exposed for 72 h and cell
density was measured at the beginning and end of exposure by fluo-
rescence using a Cytofluor 2300 (Millipore; Billerica, MA, USA) with
excitation/emission at 530/685 nm. Growth inhibition was then
calculated as % according to control (DMSO solvent controls). Two in-
dependent experiments were performed for each extract with 4 repli-
cates per concentration.

A non-linear regression using a sigmoidal dose-response curve was
applied for each sample using GraphPad Prism 9 software (Version
9.4.4, GraphPad Software Inc., La Jolla, CA, USA). A lower and upper
plateau constrained to 0 % and 100 % growth inhibition was used, after
which an ECyo was derived (mass of plastic causing 20 % growth inhi-
bition). Data is presented as effect concentration of the two independent
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experiments (mean ECyy + standard deviation). Whenever an ECyg
could not be calculated, the highest concentration tested was used to
represent the ECyg and aid graphical representation.

2.7. Data analysis and statistical treatment

We correlated the log-transformed toxicity data with the results of
the chemical analysis (log-transformed number of features or total ion
count area) and computed Pearson correlation coefficients and two-
tailed p values.

3. Results and discussion
3.1. Polymer composition and chemical complexity of methanol extracts

Based on pyrolysis GC-MS analysis, samples were classified accord-
ing to polymer or elastomer (rubber) composition (Table 1). Of the 50
consumer products included in the study, 14 were classified as elasto-
mers, 11 as polyethylene (PE), 7 as polypropylene (PP), 6 as polystyrene
(PS) and 5 as PET. The remaining 7 products included nylon (polyamide,
PA), polyurethane, polyvinyl acetate, styrene vinyl, ethylene-vinyl sty-
rene copolymer, ethylene-vinyl acetate copolymer and one sample (#47
mobile phone case) that could not be classified.

Both the total abundance of GC-amenable organic chemicals and the
number of individually resolved chromatographic peaks differed greatly
among the MeOH extracts from the products. The total ion chromato-
gram (TIC) area, normalized to the response of internal standards and
blank subtracted, ranged from < 0.01 to 185 (#34 anti-slip mat), with a
median of 1.3. Using automated algorithms, a broad range of chemicals
were tentatively identified in the different extracts and the chemical
profiles were found to vary significantly between the products. The most
complex sample (#42 car tire rubber) contained 2456 chemical features,
while the least complex (#29 disposable water bottle) contained only 39
features. The median number of features across the entire sample set was
386. The number of chemical features and tentatively identified com-
pounds in the extraction blank samples ranged between 24 and 86 and
1-4, respectively. There was a strong correlation between the number of
chemical features and TIC area (r = 0.9, p < 0.0001).

There were observable differences in chemical complexity between
the polymer types, with a low number of chemical features typically
present in PET products and a relatively high number of chemical fea-
tures present in elastomer and vinyl polymer products. PS, PE, and PP
extracts varied in chemical complexity between products. These findings
are in line with those presented by Capolupo et al. [6], although that
study was limited to one material per polymer type (PET, PP, PS, PVC
and CTR) and by Zimmermann et al. [54,55]. Similar to the previous
studies, we observed a high variability in chemical complexity between
the individual products. For example, the number of chemical features
ranged from 114 to 2456 in elastomer extracts (14 different products).
This shows that the complexity of chemical composition is not solely
based on the polymer type.

3.2. The impact of chemical complexity on toxicity

The analytical chemical assessment serves to highlight the
complexity in understanding and assessing the presence and impacts of
plastic chemicals. To date, very few studies have reported the total
number of detected chemical features from analytical screening of
plastic samples. Importantly, differences in detection method and data
handling algorithms can make the comparison between studies difficult.
Zimmerman and colleagues found a range of 0-194 features when they
investigated 34 plastic products using GC-qToF-MS, with 15 of these
products containing > 40 features [55]; this is comparable to the results
obtained in the current study. In a more recent study by the same group,
however, approximately 41,000 features were detected across 42 plastic
samples using UPLC-qToF-MS/MS [54]. This discrepancy in the number
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Table 1

Overview of the 50 polymer-based consumer products included in the study,
summarizing the product type, polymer type, number of chromatographic
chemical features and the number of probable identified compounds.

D Material Polymer Area of total Features  Number of
identifier ion probable
chromatogram” identified
compounds
1 Sponge PE 1.33 543 7
2 A4 sheet PE 0.85 198 2
folder
3 Plastic PE 0.37 327 1
Christmas
tree
4 Seat Cushion PE 0.11 85 1
5 Beach toy PE 0.06 68
(shovel)
6 Freezer bags PE 0.22 119
7 Wrapping PE 6.7 617 9
material
8 Refuse bag PE 1.3 568 14
9 General PE 0.86 588 12
tarpaulin
10  Pipe PE 2.9 346 3
insulation
11  Plastic bag PE 0.39 213 4
12 Foam PP 2.9 357 3
packaging
material
13  Plastic cups PP 0.05 104 1
(multi-use)
14  Plastic cups PP 0.05 78
(disposable)
15  Shoppingbag PP 0.48 307
16  Weed control PP 0.11 199 2
fabric
17  Disposable PP 0.07 65
straws
18  Reusable PP 0.59 415 7
shopping bag
19  Agricultural PS 2.9 360
plastic net
20  Plant pots PS 0.35 208 3
21  Styrofoam PS 0.00 75
packaging
material
22 Disposable PS 0.30 251 1
utensils
23 Cleaning PS 0.90 510 5
sponges
24  Pen housing PS 0.10 138
25 Fleece PET 0.14 96 1
blankets
26 Microfiber PET 0.90 213 2
wash cloth
27 Shower PET 0.05 88
curtain
28  Curtains PET 0.06 83
29  Disposable PET 0.01 39
water bottle
30 Insulationfor  SBR 0.19 114
construction elastomer
31  Agricultural SBR 3.2 1386 1
plastic wrap elastomer
32 Flame- SBR 3.5 1148 17
retardant elastomer
workwear
33  Balloons Natural 15 1289 28
rubber
elastomer
34  Anti-slip mat Elastomer 185 1753 13
35  Dishwashing Natural 12 882 18
gloves rubber
elastomer
36  Soccer ball SBR 86 989 17
elastomer

(continued on next page)
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Table 1 (continued)

ID Material Polymer Area of total Features  Number of
identifier ion probable
chromatogram” identified
compounds
37 Inflatable SBR 69 911 17
beach toy elastomer
38  Garden hose SBR 30 790 17
elastomer
39  Sole of shoes SBR + PVC 26 1458 23
+ natural
rubber
elastomer
40  Toy rubber SBR 27 708 8
duck elastomer
41 Disposable Nitrile 9.2 1211 21
plastic gloves  rubber
elastomer
42 Car tire SBR + 15 2457 22
rubber natural
rubber
elastomer
43 Vinyl Ethylene- 91 1155 18
flooring vinyl styrene
copolymer
44  Vinyl Ethylene- 132 1263 21
flooring vinyl acetate
copolymer
45  Vinyl Styrene 116 1351 27
flooring vinyl
46  Bath sponge Unsaturated 0.90 597 4
polyester
47  Phone case Not 3.9 431 7
identified
48  Fishing line PA 1.5 145 3
49  Foam Polyether 3.1 581 6
mattress
50  Cigarette Polyvinyl 5.1 595 4
butts acetate

@ Relative to internal standard and blank subtracts.

of chemical features is likely the result of a combination of factors,
including the sensitivity of the instruments towards most plastic chem-
icals, as well as other factors, such as the data analysis technique. When
it comes to assignment of identity, the number and types of chemicals
present in libraries used for GC-MS and LC-MS also become important.

However, the complexity of plastic chemical profiles demonstrated
above indicates that assessing the toxicity of plastic chemicals present in
a product based on testing individual target chemicals has limited value.
Furthermore, any attempt to assess the hazard of products based on
chemical analysis alone remains far too challenging to be recommend-
able. In the current study, we therefore used two high-throughput
toxicity assays using marine species to quantify the toxicity of all
organic chemicals extracted from a product in order to classify them.
Furthermore, we used the toxicity results in combination with the data
from chemical screening and tentative identifications of chemicals
present in extracts to explain patterns and deviations.

3.3. Bacteria luminescence inhibition

Toxicity data determined using the BLT screen correlate well with
toxicity to other aquatic organisms [46]. This makes the BLT screen an
initial screening tool of baseline toxicity that can guide the material
selection for plastic toxicity studies. The solvent blanks and procedural
blanks did not induce baseline toxicity. The solvents were therefore not
contributing to observed toxicity of the samples, and there was no sign of
contamination during extraction and analysis.

Results from the BLT screen showed that most methanol extracts
from the plastic products induced significant toxicity, indicated by a
luminescence inhibition of > 20 %. In total, dose-response relationships
and corresponding ECyo values for 46 out of 50 plastic extracts were
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derived (Fig. 1A; Table S3). One PE, PS, PP, and PET sample did not
inhibit the bacterial bioluminescence by more than 20 % in the tested
concentrations, whereas all other samples did. With an ECy below 10 g/
L, 22 samples were toxic. These included 11 out of the 13 elastomer
samples, with the extracts from #41 nitrile gloves, #42 care tire rubber
and #39 shoe soles inhibiting bioluminescence the most. Other polymer
types that contained chemicals inducing a strong toxicity were PE (e.g.,
#11 shopping bags, #1 sponge), PS (e.g., #21 packaging), and vinyl co-
polymers (e.g., #43-#45 vinyl flooring, #50 cigarette butts). On the
other end of the spectrum, the extracts of certain PE, PP and PS products
were less toxic.

These results indicate that baseline toxicants are prevalent in
everyday plastic products, especially in elastomers. This is in accordance
with previous work that reported that most products made of com-
modity polymers [55], bioplastics [54] and some UV-degraded plastics
[21] contain chemicals inhibiting bioluminescence in the marine bac-
terium Aliivibrio fischeri. However, and to the best of our knowledge,
extracts of elastomers have not been investigated for bioluminescence so
far. Given the broad application and environmental release of these
materials, their extract and leachate toxicity deserve more attention.

3.4. Microalgae growth inhibition

In the case of the microalgal growth inhibition test, the majority of
extracts induced significant toxicity relative to controls and blanks (low
ECy values; Fig. 1; Table S4). In contrast, no toxicity was detected for
the solvent blanks and procedural blanks. Even though extract toxicity
varied between the different polymers, in general PE, PP, PET and PS
extracts caused no or low toxicity, while elastomers caused the highest
toxicity in S. pseudocostatum. Three extracts (#5 beach toy, #14 plastic
cups and #29 disposable water bottle) had ECyo values above the
highest analyzed concentration (151, 150 and 152 g of plastic L,
respectively), while 5 induced low effects (#13 plastic cups < #16 weed
control fabric < #17 disposable straws < #20 plant pots < #24 ink pen
housing). Of the remaining 42 extracts, 11 had an ECy < 1 g of plastic L
1, with extracts from vinyl flooring (#45, ECgo = 0.076 + 0.002 g of
plastic L'1), disposable gloves (#41, ECgo = 0.065 + 0.000 g of plastic L~
1) and dishwashing gloves (#35, ECa9 = 0.002 = 0.000 g of plastic L)
being the most toxic to S. pseudocostatum. These findings are in line with
those found by Capolupo et al. [6], in which higher leachate toxicity in
marine and freshwater microalgae seems to be directly correlated with
higher additive chemical content, as generally seen for elastomers in this
case. In contrast, Qiu et al. [38] assessed the toxicity of 15 different PP,
PE and PA leachates generated in seawater and fish digests, finding that
the fish digests typically contained fewer chemicals but were more toxic
than the SW leachates. The results from these studies and the current
study suggest that the toxicity of a specific leachate can be influenced by
multiple factors, including the specifical chemicals present in the plastic
material/product, the leachate media and associated conditions (e.g.,
pH, temperature, salinity), as well as the choice of text organism and
toxicological endpoints.

3.5. Relationship between chemical composition and toxicity

Seven of the product extracts were found to be among the ten least
toxic extracts in both the BLT and microalgae assays. These included one
PE item: #5 beach toy, one PET item: #29 disposable water bottle, two
PP items: #17 disposable straws and #14 plastic cups, and three PS
items: #22 disposable utensils, #24 ink pen housing and #20 plant pots.
Most of these items are expected to be subject to either food contact
material (FCM) or toy regulations with regards to hazardous chemical
content. Four of these extracts were among the ones with lowest number
of chemical features in the extracts (disposable #29 water bottle, #17
disposable straws, #14 plastic cups, and #5 beach toy). Apart from one
product (#31 agricultural plastic wrap) in the BLT screen, none of the
ten least toxic extracts in either of the assays had a corresponding
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Fig. 1. Toxicity of plastic extracts on marine bacteria and microalgae. A: Bacter

ia luminescence inhibition of plastic extracts in the BLT screen. B: Skeletonema

pseudocostatum algal growth inhibition of plastic extracts after 72 h exposure. Data is presented as the mean ECy (lines) from independent experiments (dots) with

technical replicates. Dotted lines represent the lowest and highest concentrations

number of chemical features above the median.

Five products were common across the ten most toxic extracts for
both assays. These were two of the vinyl (flooring) products (#43 and
#44), and three elastomer-based products: #34 anti-slip mat, #41
disposable plastic gloves and #42 car tire rubber. All of these products
also had a total number of chemical features in the top ten products. Of
the ten most toxic consumer product extracts for each assay, all but one
in each assay (#47 phone case in the microalgae assay and #11 plastic
bag in the BLT assay) had a number of chemical features below the
median number.

For the samples where ECyq values were within the tested concen-
tration range, we found a correlation between responses in the BLT and
microalgae assay (Fig. 2, p < 0.0001, Pearson r = 0.74). Notably, the
microalgae growth inhibition was affected at lower concentrations than
the luminescence in the BLT screen in case of multiple samples, partic-
ularly for samples with an ECy < 1 g/L in the microalgae assay. This
suggests that the alga used in this study are more sensitive to exposure to
the chemicals present in these products than the bacterium. Even though
the chemical additive composition of extracts most likely explains the
different sensitivity of these organisms, the available literature seems to
suggest that the impact of leachates in unicellular organisms is phylum
dependent [9]. It is important to note that the two exposures used
different media and this may also influence the bioavailability of
chemicals from the same leachates.

We also observed significant correlations between the ECy values
determined in both assays and both the number of features detected in

tested.

each extract (Fig. 3, BLT: p=0.001, Pearson r= — 0.50; algae:
p < 0.0001, Pearson r = — 0.73), as well as the total peak area (Fig. 3,
BLT: p < 0.0001, Pearson r= — 0.59; algae: p < 0.0001, Pearson
r = — 0.73). This implies that the number of detectable chemicals, as
well as their total peak area is somewhat predictive of the baseline
toxicity and algae toxicity. From a toxicological perspective, this is
plausible given that we investigated non-specific endpoints that are the
result of mixture effects caused by multiple chemicals present in the
extracts.

However, it is important to note that compounds present in the
product leachates with low (or no) detection by GC could contribute to
the observed toxicity. The use of only GC-based characterization in the
current study misses compounds that are more amenable to analysis by
other techniques. Previous studies have demonstrated a large variation
in the number and type of detected features using GC and LC techniques
[54,55]. It is also important to note that the chemical ’cocktails’
extracted for use in the experiments are limited to those that dissolve in
MeOH. However, it was selected for use as it achieves a slightly more
extensive and faster extraction of chemicals from plastic materials than
water. The current study also does not account for the presence of
metals, neither as contributors to toxicity (as they are not expected to
partition to MeOH [24]), nor as part of the chemical characterization of
the tested materials. Certain products, e.g., #42 car tire rubber, are
known to have high contents of potentially toxic metals that can leach
and cause harm to aquatic organisms [16]. While all samples were
thoroughly rinsed with ultrapure water prior to extraction to remove
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any loose particles, the use of sonication to facilitate the MeOH
extraction process could lead to the formation and release of a small
amounts of micro- and nanoplastics [37,48]. Filtration was applied
where there was visible evidence of particles or turbidity in the extracts,
but any nanoplastic particles produced could be present in the extracts
used in the toxicity tests. It is therefore possible that these are contrib-
uting to any observed toxicity, although this is considered negligible
relative to the chemical content.

3.6. Relationship between intended product use and chemical complexity
and toxicity

Irrespective of polymer type, consumer products designed for use as
FCMs (#6 PE freezer bags, #17 PP disposable straws, #14 single use
plastic cups, #13 multi-use plastic cups and #29 PET disposable water
bottle) proved to be among those with the fewest chemical features and
displayed lower toxicities. In contrast, the five toys (subject to regulation
of content of identified compounds by the Toy Safety Directive 2009/
48/EC) did not generally fare so well in the current study. With the
exception of the low toxicity PE beach toy (#5 plastic shovel), the four
other elastomer-based toys (#33 balloons, #36 soccer ball, #37 inflat-
able beach toy and #40 rubber duck) all had toxicities above the median
values of both assays. It is important to note that the Toy Safety Directive
specifies content levels for target known toxicants, and it was not part of
the scope of the current study to quantify these. Other studies have
highlighted that target compounds may be above regulated levels, even
in new toys [7]. Finally, some consumer products in the current study
that can be classified as skin contact materials (in addition to those
defined as toys) were also among the most toxic extracts (e.g., #41
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disposable gloves). The results suggest that products subject to strict
legislation from a human health perspective, may represent a risk from
an ecotoxicological perspective.

3.7. Relationship between polymer type and toxicity

Several studies have hypothesized, but only partly demonstrated, a
correlation between polymer type and leached additive chemical
toxicity [11,27,55]. However, none of these studies have included
elastomer products in their assessments. In the studies by Capolupo et al.
[5,6], car tire rubber granulates were shown to be generally more toxic
than thermoplastics to freshwater algae, marine algae and marine
mussels. However, it is important to note those studies were limited to
one sample per polymer. When comparing to the median toxicity in the
current study, 13 (BLT) and 12 (microalgae) of 14 total elastomer ex-
tracts were found to be more toxic than the median of all 50 samples. In
contrast, only 4 out of 11 PE extracts in each assay were more toxic than
the median. Similarly, 2 out of 6 PS extracts and 1 out of 5 PET extracts
had toxicities that were higher than the median for each polymer type.
Out of 7 PP extracts, only 1 in the microalgae assay performed worse
than median toxicity. In total, 86-93 % of 14 elastomer extracts were
more toxic than median, while 33-36 % of other polymer extracts
(n = 36 total) were more toxic than median. While it is evident that the
elastomer extracts are generally more toxic than the other polymer ex-
tracts, no systematic difference in toxicity could be observed between
different types of elastomers. Natural rubber products (e.g., balloons,
dishwashing gloves) were also among the most toxic extracts.

3.8. Probable identified compounds and their associated hazards

Following library matching and binning of compounds with the same
identity at the same retention time, a final total of 1257 unique com-
binations of proposed chemical structure (>75 match to NIST) and
retention index (RI) were identified in extracts, with the maxima,
minima, and median number of chemical features per product being
114, 2 and 26, respectively. An average of 6.2 % of chemical features
could be tentatively identified with a match to NIST17 of > 75 % (no
duplicates binned), while 2.1 % could be tentatively identified with a
match of > 85% after binning of duplicate hits at similar retention times
(iteration process, moving in windows of 0.2 min). However, there were
only 892 unique chemicals (identified by CAS numbers) within this set,
meaning that several chromatographic peaks at different retention times
received the same structural assignment, which is clearly incorrect.
Some of the misassigned compounds are likely to be structural isomers
of the assigned compound, whereas other proposed structures appear to
be implausible. Misassignments always represent a challenge when
conducting non-target screening and, especially in the case of large and
complex datasets such as the current study, they are hard to address
adequately.

The prediction of RIs based on readily available compound proper-
ties is a possible route to eliminate some misassignments [41]. Of the
892 unique CAS numbers and compound names, 661 (74 %) were found
by an automatic query of PubChem and their properties and SMILES
structures collected. Collected SMILES structures were used to query EPI
Suite [45], returning properties for 650 compounds (73 %). The com-
bined data for the 650 compounds were then used to predict their GC
retention indices and to filter out compounds with a deviation > 25 %.
This approach left 237 (26 %) tentatively identified compounds
(Table S5, SI). Of those compounds, 73 (30 %) were identified in two or
more samples, and only nine (< 4 %) compounds were identified in five
or more samples. This means that most compounds (~ 70 %) with
tentative identities were unique to only one sample. This further sup-
ports the assessment of complexity of the chemical composition of
plastic and rubber products available on the market.

The number of probable compounds identified per sample ranged
between 0 (12 samples) and 28 (#33 balloons). Only one of the
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compounds (bis(2-ethylhexyl) benzene-1,4-dicarboxylate; CAS 6422-
86-2; experimental RI 2719) was also identified in laboratory blank
samples. Identified compounds included common chemicals known to
have low toxicities (including e.g., fatty acids), as well as a variety of
known substances of concern. The compound identified in the highest
number of samples (n = 7) is an example of the former. (Z)-13-Doco-
senamide (CAS 112-84-5, experimental RI 2729, average match% 90), a
known polymer additive, was identified in two PP (#12 foam packaging
material, #13 plastic cups) and five PE (#2 sheet folder, #4 seat
cushion, #6 freezer bags, #8 refuse bag, #10 pipe insulation, #11
plastic bag) extracts. This compound is not predicted to be toxic and has
no hazard classifications associated with it. The extracts in which this
chemical was detected were among the least toxic, with the exception of
plastic bag (#11) in the BLT assay. This suggests that other chemicals
present in the extract of this product are driving the observed toxicity.
Bis(2-ethylhexyl)-1,4-benzenedicarboxylic acid and hexadecanoic acid
were both found in six extracts, while methyl hexadecanoate, 2,2,4-tri-
methyl-3-(2-methylpropanoyloxy)pentyl]  2-methylpropanoate and
dodecanoic acid were each found in five extracts. Further details of these
five chemicals and the extracts in which they were found is presented in
the SI.

Due to their potential hazards, some compounds of interest were
identified in the extracts of several polymer types, with two notable
examples: Dibutyl phthalate (CAS 84-74-2, experimental RI 1914,
average match% 93), a common plasticizer, was identified in six ex-
tracts: #45 vinyl flooring, #32 flame retardant workwear (elastomer),
#34 anti-slip mat (elastomer), #8 refuse bag (PE), #47 phone case
(unidentified polymer type), and #38 garden hose (elastomer). This
compound causes immunotoxicity in zebrafish and damages the cells of
several algae species [13,51]. Triphenyl phosphate (CAS 115-86-6,
experimental RI 2324, average match% 96), a common plasticizer and
flame retardant, was identified in five extracts: #32 flame retardant
workwear (elastomer), #3 synthetic Christmas tree (PE), #47 phone
case (unidentified polymer type), #37 inflatable beach toy (elastomer)
and #38 garden hose (elastomer). This compound is acutely toxic to
phytoplankton and zooplankton [26,49], and has been observed to
cause reproductive toxicity in marine fish [25].

3.9. The case of the elastomers

The toxicity of rubber materials is not a novel topic, with a focus
given to assessing the toxicity associated with compounds used for
rubber production and rubber-additive chemicals occurring in the 1950s
[32,33]. Furthermore, natural rubber latex is a well-known skin sensi-
tizer [19] and has proven to be generally more cytotoxic than alternative
synthetic materials [30]. Leachates from rubber materials (aquaculture
bands and car tires) have been shown to induce embryotoxicity, sper-
miotoxicity and decreased oyster reproductive output in the Pacific
oyster Crassostrea gigas [43]. Comprising a mixture of natural rubber and
SBR, car tire rubber emissions to the environment can originate from tire
wear during use or from crumb rubber produced from end-of-life car
tires and re-purposed for alternative uses, for example on artificial sports
fields. Car tire rubber has received much attention over the last decades
in terms of its toxicity and chemical content [6,8,16,29]. For this ma-
terial, several candidate chemicals are already known to contribute to
the observed toxicity, but new associated chemicals continue to be
identified as sources of toxicity. For example, the toxicity of the rubber
antioxidant N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine
(6PPD) and of its quinone transformation product (6PPD-quinone) has
received particular attention since the publication by Tian et al. [44].
6PPD represents just one of many chemicals within the class phenyl-
enediamines that are used as antidegradants in SBR and other rubber
materials. A lot of effort has been focused on the environmental presence
and toxicity of 6PPD-quinone, as well as similar quinone compounds
[18,3,4]. The rubber accelerator 2-mercaptobenzothiazole, previously
shown to be present in car tire rubber [16], is also a well-known toxicant
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[14].

In the current study, consumer products comprised of elastomers and
vinyl were those with the highest number of identified compounds.
Equally, several of the compounds identified in the highest number of
extracts, were mainly found in elastomers. 2,4,7,9-Tetramethyl-5-
decyn-4,7-diol (CAS 126-86-3, experimental RI 1398, average match%
95) was identified in six extracts; including four elastomers (#33 bal-
loons, #35 dishwashing gloves, #36 soccer ball and #41 disposable
plastic gloves), all of which were among the more toxic extracts. The
predicted toxicity of the compound is relatively low (ca. 6 mg/L ECsg to
green algae according to EPI Suite [45], but is classified by the European
Chemicals Agency (ECHA) as harmful to aquatic life and harmful to
aquatic life with long lasting effects. 2-Ethylhexyl benzoate (CAS
5444-75-7, experimental RI 1683, average match% 95) was identified in
three elastomer samples (#34 anti-slip mat, #36 soccer ball, and #37
inflatable beach toy). This compound is registered as a health hazard by
ECHA, but no data on environmental properties are available. 2,
6-Di-tert-butyl-4-methylphenol (CAS 128-37-0, experimental RI 1492,
average match% 95) was identified in two elastomer samples (#33
balloons and #35 dishwashing gloves), as well as in two other samples
exhibiting high toxicity. This compound is an antioxidant [52], and is
not currently classified as a hazardous chemical by ECHA. 2,5,7,8-Tetra-
methyl-2-(4,8,12-trimethyltridecyl)-3,4-dihydrochromen-6-ol (CAS
10191-41-0, a natural product) was identified in #33 balloons (match
91 %). This was one of two compounds in the overall data set that were
estimated as recalcitrant [45]. However, due to its low water solubility
and toxicity threshold close to solubility limits, limited impact on
aquatic organisms is expected.

In addition to the compounds found by the automated algorithm
described above, several elastomer extract chromatograms were domi-
nated by an abundant, non-Gaussian elution pattern of phthalates, either
present as a single, non-sharp peak at RI 2764 (#29 anti-slip mat, #36
soccer ball, #37 inflatable beach toy and #40 rubber duck) or as a
characteristic cluster’ (eluting between RIs 2600 and 2997) similar to
those normally found in PVC-samples (#43 and #44 vinyl flooring
samples and #38 garden hose). It is therefore likely that these materials
have some degree of PVC content, although the bulk polymer was
classified differently. Phthalates are a compound class of known
concern, both in terms of human health and aquatic toxicity [7,53]. The
strong presence of these chemicals, particularly in elastomer-based
consumer products, could contribute to the hazard associated with
exposure to these materials, as well as their associated leachates. In the
current study, elastomer consumer products that did not contain such an
abundant level of phthalates were shown to be equally or even more
toxic in the toxicity screening assays employed within the current study.
This indicates that there are compounds in addition to the phthalates
that warrant further investigation from a chemical identification and
toxicity perspective.

3.10. Compounds in foams/sponges

Concerningly, given the long periods of daily exposure to humans,
the polyurethane foam mattress (#49) was among the ten most toxic
extracts. One of only two identified compounds across the entire sample
set that was estimated by EPI Suite™ to be recalcitrant was found in this
extract [45]. The chemical, 4-(2,4,4-Trimethylpentan-2-yl)-N-[4-(2,4,
4-trimethylpentan-2-yl)phenyl]aniline (CAS 15721-78-5, used in lubri-
cants and greases) was identified in three products overall: #1 sponge
(PE; match 96 %), #23 sponge (PS; match 85 %) and #49 the mattress
(match 94 %). This is interesting, as these materials are of three different
polymer compositions, but of a similar physical form (foam). Several
other substituted diphenylamines (SDPAs) were identified uniquely in
sponge/foam products (Table S5, SI). These compounds are suspected
endocrine disruptors and some have been demonstrated to affect
reproduction in mammals [35]. They have also increasingly been
detected in environmental compartments [31]. A recent study
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demonstrated the presence of such chemicals in children’s car seats
[50], and this study shows that children’s mattresses and bath sponges
may also be a route of human exposure. Furthermore, 4-methylben-
zene-1,3-diamine (more commonly known as 2,4-diaminotoluene, CAS
95-80-7) was also found in the foam mattress and the three sponge
samples. This compound is commonly used in production of poly-
urethane foams, and is a known carcinogen [12]. The antioxidant
methyl 3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate (CAS
6386-38-5, RI 1903, match% 85) was also found in the foam mattress
sample. This compound is classified by ECHA as toxic to aquatic life with
long lasting effects.

4. Conclusions

The current work demonstrates the complexity of the chemical
composition of polymer extracts and, importantly, the complexity in
analyzing and assessing these chemicals within the context of risk
assessment. We observed a correlation between the chemical composi-
tion of an extract and its toxicity, where a higher number of chemical
features or total chemical signal were typically observed in the more
toxic extracts. In a minority of consumer product extracts, the observed
toxicity appears to be more likely related to the presence of specific
chemicals, irrespective of whether there are large or smaller numbers of
other plastic associated chemicals. The two toxicity assays showed
generally comparable results for which consumer product extracts were
of low and high toxicity, but exhibited some degree of difference for
extracts sitting in the middle range of toxicity values. This highlights the
importance of using multiple species and toxicological endpoints when
assessing the hazards associated with complex mixtures of chemicals
like those associated with certain plastic consumer products. Impor-
tantly, the study clearly highlighted that extracts from elastomer-based
consumer products (both natural and synthetic rubbers) were, in most
cases, more toxic than thermoplastic extracts. Although some potential
toxicants could be identified through non-target GC-MS analysis, further
work should focus on developing improved approaches for identifying
and understanding the key toxicity drivers in complex mixtures of
plastic associated chemicals.

Environmental Implication Statement

This study conducted a chemical and ecotoxicological assessment of
50 consumer thermoplastic (n = 36) and rubber/elastomer (n = 14)
products, reflecting the diversity of plastic litter in the natural envi-
ronment. The chemical composition of the different product leachates
was investigated and the links between leachate composition and
toxicity to marine algae and luminescent bacteria were studied. The
results show links between chemical content and toxicity, indicating
that certain polymer-based consumer products, particularly elastomers,
may represent a source of toxic chemical release to the environment. The
knowledge generated offers a basis for reducing the presence of the most
toxic chemicals in consumer products.
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